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We theoretically propose a method to enhance Raman scattering by injecting a seeded light field
which is correlated with the initially prepared atomic spin wave. Such a light-atom correlation leads
to an interference in the Raman scattering. The interference is sensitive to the relative phase between
the seeded light field and initially prepared atomic spin wave. For constructive interference, the
Raman scattering is greatly enhanced. Such an enhanced Raman scattering may find applications
in quantum information, nonlinear optics and optical metrology due to its simplicity.
PACS numbers: 42.65.Dr, 42.50.Gy, 42.25.Bs
I. INTRODUCTION
The cooperative spontaneous emission of radiation (su-
perradiance) from an ensemble was first introduced by
Dicke in 1954 [1], where an atomic ensemble exhibited
enhanced coupling to a single electromagnetic mode. Su-
perradiance was initially suggested for sample dimensions
R much smaller than the wavelength λ of the resonant
transition [1]. However, the case in the opposite limit
R ≫ λ has also attracted extensive research [2–11] be-
cause in quantum optics the sample is usually large com-
pared to λ. In such a large-size sample, the superradiance
is difficult to happen according to the standard argument
that the dipole-dipole interaction between atoms is too
weak to build a macroscopic dipole moment. To have en-
hancement in the limit of large-size sample with R≫ λ,
the quantum coherence and interference must enter to
play a role. Typical example is to employ the quantum
coherence to enhance some nonlinear optical processes
[12, 13]. Recently, our group observed an enhanced Ra-
man scattering effect by using an atomic spin wave, a co-
herence prepared between atomic ground-state sublevels
[9, 10]. The subsequent theoretical analysis modeled the
experiment where an early spontaneous Raman scatter-
ing (SRS) generated the atomic spin wave which causes
enhancement of the Raman light fields in the second Ra-
man scattering [14]. The flipped atoms act as seeds to
the second Raman process which amplifies the light fields
all the way through the atomic ensembles.
In this paper, based on our previous work [9, 10, 14],
we propose a scheme to enhance the Raman scatter-
ing, termed as correlation-enhanced Raman scattering
(CERS). In the scheme, a pump field leads to sponta-
neous emission of the Stokes field, accompanying with the
generation of atomic spin waves. Then this Stokes field
used as a seeded signal, with the pump field together, is
subsequently input into atomic ensemble to generate a
second Stokes field. A CERS occurs due to the corre-
lation of the seeding Stokes field and atomic spin waves
[2, 15–18]. Such a light-atom correlation is a new mech-
anism to enhance Raman scattering, which is different
from the idea of the so-called super Raman scattering
initiated by the atom-atom entangled state [11].
Our article is organized as follows. In Sec. II, the gen-
eral model involving spatial propagation and light-atom
coupling in Raman scattering is reviewed. The correla-
tion of the light field and the atomic spin wave is de-
rived from the light-atom coupling equations. Based on
the model, the CERS is studied in detail in Sec. III. In
Sec. IV, we numerically calculate the intensity of CERS
based on the correlation of the seeded field and the
atomic spin wave. Finally, we conclude with a summary
of our results.
II. LIGHT-ATOM CORRELATION IN RAMAN
SCATTERING
In this section, we give a brief review of the theoret-
ical model of Raman scattering. The Raman scattering
process in atomic system is described through a three-
level model [see Fig.1(a)] coupled to a pump field and
a Stokes field. For convenience, assume the pump field
corresponding to a focused beam and the Fresnel number
F = A/λSL (A cross-sectional area, L cell length) is of
the order of unity, then only a single transverse spatial
mode contributes strongly to emission along the direc-
tion of propagation the pump field. Therefore, a sim-
plified one-dimensional model can be enough to describe
the Raman scattering. In the case of large light detuning,
the atomic excited state can adiabatically be eliminated
and one obtains the light-atom coupling equations gov-
erning the propagation of the quantized Stokes field and
the atomic ground-state spin excitations determined by
the spin wave [14, 19]
(∂t + c∂z)EˆS(z, t) = iχSˆ†a, (1)
∂tSˆ
†
a(z, t) = −ΓSSˆ†a − iWχ∗EˆS + Fˆ †S , (2)
∂tW(z, t) = −γLW − γL, (3)
2where Sˆa =
√
Nσ˜12e
−i∆kz the spin wave operator, N
the number of atoms, ∆k = kP − kS , σ˜µν(z, t) =
1/Nz
∑Nz
j=1 σˆ
j
µν the collective atomic operators, where
σˆjµν = |µ〉jj〈ν| (µ, ν = 1, 2) is the transition opera-
tor of the jth atom between states |µ〉 and |ν〉 and a
small and macroscopic volume containing Nz (Nz ≫ 1)
atoms around position z, and the commutation relation
is [σ˜µν(z, t), σ˜αβ(z
′, t)] = L/Nδ(z − z′)(δνασ˜µβ(z, t) −
δµβ σ˜αν(z, t)), L the length of the atomic medium.
EˆS(z, t) is a slowly varying envelope operator of the
Stokes field Eˆ
(+)
S =
√
~ω/2ε0ALEˆS(z, t)ei(kS·z−ωSt),
and A is cross-section area, and its commutation re-
lation [EˆS(z, t), EˆS(z, t′)] = L/cδ(t − t′). χ(z, t) =
g
√
NΩP (z, t)/∆ the coupling coefficient between spin ex-
citations and stokes field, ΩP (z, t) the Rabi frequency of
pump field, g the atom-field coupling constant, ΓS =
γS − iδL, γS = γS0 + γL, and γL = γ|ΩP |2/∆2 is the
optical pumping rate, and δL = |ΩP |2/∆ is the ac Stark
shift, and γS0 the coherence (σ˜12) decay rate, γ the de-
cay rates of the excited state |3〉 to states |1〉 and |2〉
(assuming γ31 = γ32 = γ). W(z, t) = σ˜11(z, t)− σ˜22(z, t)
describes the population difference between energy lev-
els |1〉 and |2〉. In general, W(z, t) is related to the
collective atomic excitation number and the strength
of atomic coherence. Here we consider weak excita-
tions, and W(z, t) is approximately determined by Eq.
(3). The Langevin noise operator Fˆ †S has the correlation
〈FˆS(z, t)Fˆ †S(z′, t′)〉 = 2γSLδ(z − z′)δ(t− t′).
For convenience in analysis, neglecting the depletion
of the pump field by making ΩP1,2(z, t) ≡ ΩP1,2(t) =
ΩP1,2θ(t) with ΩP1,2 being constant and θ(t) the step
function. Similarly, χ(z, t) ≡ χ(t) = g
√
NΩP (t)/∆. Us-
ing the moving coordinates t′ = t− z/c, z′ = z, the solu-
tions of Eqs. (1)-(3) are given for the Raman scattering
[14, 19],
EˆS(z′, t′) = US(z′, t′){EˆS(0, t′′)}+ VS(z′, t′){Sˆ†a(z′′, 0)}
+ FS(z′, t′){Fˆ †S(z′′, t′′)}, (4)
Sˆ†a(z
′, t′) = Ua(z′, t′){Sˆ†a(z′′, 0)}+ Va(z′, t′){EˆS(0, t′′)}
+ Fa(z′, t′){Fˆ †S(z′′, t′′)}, (5)
W(t′) =W(0)e−ΓL(t′) −
∫ t′
0
γL(t
′′)e−[ΓL(t
′)−ΓL(t
′′)]dt′′,
(6)
where
US(z′, t′){...} =
∫ t′
0
dt′′[2δ(t′ − t′′) + χ(t′)χ∗(t′′)
× e−[Γ(t′)−Γ(t′′)]W(t
′′)
c
Ge(z
′, 0, t′, t′′)]{...},
VS(z′, t′){...} = i
∫ z′
0
dz′′
χ(t′)
c
e−Γ(t
′)H(z′, z′′, t′, 0){...},
Ua(z′, t′){...} =
∫ z′
0
dz′′e−Γ(t
′)[2δ(z′ − z′′)
×GS(z′, z′′, t′, 0)]{...},
Va(z′, t′){...} = −i
∫ t′
0
dt′′W(t′′)χ∗(t′′)e−[Γ(t′)−Γ(t′′)]
×H(z′, 0, t′, t′′){...},
FS(z′, t′){...} = i
∫ t′
0
dt′′
∫ z′
0
dz′′
χ(t′)
c
e−[Γ(t
′)−Γ(t′′)]
×H(z′, z′′, t′, t′′){...},
Fa(z′, t′){...} =
∫ t′
0
dt′′
∫ z′
0
dz′′e−[Γ(t
′)−Γ(t′′)]
× [2δ(z′ − z′′) +GS(z′, z′′, t′, t′′)]{...}, (7)
in which
H(z′, z′′, t′, t′′) = I0(2
√
[q(t′)− q(t′′)]z
′ − z′′
c
),
Ge(z
′, z′′, t′, t′′) =
c(z′ − z′′)
q(t′)− q(t′′)GS(z
′, z′′, t′, t′′),
GS(z
′, z′′, t′, t′′) =
√
q(t′)− q(t′′)
c(z′ − z′′)
× I1(2
√
[q(t′)− q(t′′)]z
′ − z′′
c
). (8)
Here q(t′) =
∫ t′
0
W(t′′)χ(t′′)2dt′′, Γ(t′) = ∫ t′
0
ΓS(t
′′)dt′′,
ΓL(t
′) =
∫ t′
0 γL(t
′′)dt′′, and In(x) is the modified Bessel
function of the first kind of order n.
The integral solutions presented in Eqs. (4)-(5) indi-
cate that the Stokes field EˆS(z′, t′) contains three parts
of contributions, the first one from the input field plus
the scattering field, the second from the initial spin ex-
citations, and the third from the atomic fluctuations.
Similarly, the generated spin wave Sˆ†a(z
′, t′) contains the
contributions from the initial spin excitations, the input
field, and the atomic fluctuations. Evidently a light-
atom correlation of the Stokes field and the generated
spin wave, 〈ˆES(z, t′)Sˆa(z′, t′)〉 6= 0, is built through the
Raman coupling as seen in Eqs. (4)-(5).
III. CORRELATION-ENHANCED RAMAN
SCATTERING
In the section, we study the role of the correlation of
the light field and atomic spin wave in enhancing Raman
scattering. The basic idea is as follows. First we employ a
SRS process to generate a light field and an atomic spin
wave which are correlated with each other. The SRS
process is illustrated in Figs. 1(a) and (b), where an
atomic ensemble, initially prepared in the ground state,
is pumped by an off-resonance pump field EP1 and spon-
taneously emitted a Stokes field EˆS1. As a result, a co-
herent spin excitation Sˆa1 is built in the atomic ensem-
ble. Based on the analysis given in the above section,
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FIG. 1: (Color online) (a) Initially prepared ground state
for SRS. (b) SRS process: a Stokes field and its correlated
atomic spin wave are generated. The light-atom correlation
is denoted by the circular arc (dotted-dashed blue line). (c)
The light field and its correlated atomic spin wave, generated
in the SRS process, are used as initial seeding for CERS. (d)
CERS process: an enhanced Stokes field EˆS2 is generated by
the pump EP2 with the initial seeding state (c). EP1,2: pump
fields; EˆS1,2 and Sˆa1,2: the generated Stokes fields and spin
waves, respectively; ∆: the detuning.
the emitted Stokes field EˆS1 is correlated with the ex-
cited spin wave Sˆa1. Next, we consider a new Raman
scattering process, termed as CERS, where the Stokes
field EˆS1, with its correlated atomic spin wave Sˆa1, is
employed as initial seeding as shown in Fig. 1(c). Again
an off-resonance pump field EP2 is injected to generate
a new Stokes emission EˆS2, as illustrated in Fig. 1(d).
The experiment to study the CERS can simply be
setup as in Fig. 2(b). An atomic cell, for example, ru-
bidium vapor cell is used to provide the atomic ensem-
ble. The generated Stokes field EˆS1 and the leaked pump
EP1 in the SRS, experiencing phase shifts φS and φP re-
spectively, are injected back into the atomic cell. The
light-atom correlation are used as the initial seeding and
the the leaked pump acting as EP2 for the CERS. The
output intensity of the Stokes field EˆS2 is detected for
analysis.
Using the relations given in Eqs. (4)-(6), we can com-
pare the differences between the SRS process and CERS
process by working out their output intensity in detail. In
the case of the SRS, the Stokes field is generated from the
vacuum and the atomic ground state without light-atom
correlation. Hence the initial conditions for the SRS are
〈Eˆ†S1(0, t′)EˆS1(0, t′)〉 = 〈Sˆ†a1(z′, 0)Sˆa1(z′, 0)〉 = 0, (9)
〈EˆS1(0, t′)Sˆa1(z′, 0)〉 = 0. (10)
where the subscript 1 denotes the SRS process. The de-
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FIG. 2: (Color online) Schematic diagram of experimental
set up for (a) SRS: the pump field EP1 generates the Stokes
field EˆS1 and the atomic spin wave Sˆa1 through spontaneous
emission, and (b) CERS: after a delay δt, the leaked pump
EP1, acting as EP2, is again injected into the vapor cell with
the SRS-generated Stokes field EˆS1. The SRS-generated cor-
relation of the light EˆS1 and the spin wave Sˆa1 enhances the
intensity of the second Raman Stokes field EˆS2. PBS: polar-
ization beam splitter; φP , φS: phase shifts. (c) Time sequence
for the pump pulses. δt: delay time.
tected intensity of the SRS output Stokes field at the end
of the atomic cell z′ = L is given by
ISRSout = 〈Eˆ(−)S1 Eˆ(+)S1 〉 ∝ 〈Eˆ†S1(L, t′)EˆS1(L, t′)〉
= L |VS1(L, t′)|2 + |FS1(L, t′)|2
× 〈FˆS1(z′′, t′′)Fˆ †S1(z′′, t′′)〉
≡ Ispon
1
. (11)
The result reflects the fact that the Stokes field is gener-
ated from the spontaneous emission.
However, in the case of the CERS, one has a completely
different initial condition as follows:
EˆS2(0, t′) = EˆS1(L, t′), Sˆ†a2(z′, 0) = Sˆ†a1(L − z′, T ), (12)
where the subscript 2 denotes the CERS process, L −
z′ indicates the opposite propagation of the two pump
fields, and T is the pulse duration of the pump EP1.
Evidently from Eq. (11), the light-atom correlation will
play an important role in the CERS due to the relations
〈Eˆ†S2(0, t′)EˆS2(0, t′)〉 6= 0, 〈Sˆ†a2(z′, 0)Sˆa2(z′, 0)〉 6= 0,
(13)
〈EˆS2(0, t′)Sˆa2(z′, 0)〉 6= 0. (14)
In general, the spin wave Sˆa1(z
′, T ) decays due to col-
lisional dephasing by a factor e−ΓSδt with δt being the
delay time. Here for convenience, we neglect the slow
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FIG. 3: (Color online) The intensity of Stokes field EˆS2 versus
the dimensionless time t˜′: SRS case (dotted line), seeded-light
only case (dashed line), spin-wave only case (dotted-dashed
line), light-atom uncorrelated case (thin solid line), and light-
atom correlated case (thick solid line). The parameters are
as follows: ∆φ + ∆φoffset = 0, W2(0) = 0.99, ∆ = 1.2 GHz,
|ΩP1| = |ΩP2| = 2.5 × 10
8 Hz, Ng22/c = 1 × 10
12/(m · s) ,
γs = 10 KHz, and γ1 = 2pi × 5.746 MHz.
decay of the spin wave by assuming a short delay time
(ΓSδt≪ 1).
The detected intensity of the CERS output Stokes field
can be worked out
ICERSout = 〈Eˆ(−)S2 Eˆ(+)S2 〉 ∝ 〈Eˆ†S2(L, t′)EˆS2(L, t′)〉
= Ispon + Iseed + Ispin-wave + Ilight-atom, (15)
where
Ispon = L |VS2(L, t′)|2 + |FS2(L, t′)|2
× 〈FˆS2(z′′, t′′)Fˆ †S2(z′′, t′′)〉,
Iseed = |US2(L, t′)|2 〈Eˆ†S1(L, t′′)EˆS1(L, t′′)〉,
Ispin-wave = |VS2(L, t′)|2
× 〈Sˆ†a1(L − z′′, T )Sˆa1(L− z′′, T )〉,
Ilight-atom = e
i∆φ U∗S2(L, t′)VS2(L, t′)
× 〈Eˆ†S1(L, t′′)Sˆ†a1(L− z′′, T )〉+ c.c. (16)
The term Ispon originates from the same mechanism as
in the SRS. The injected seeding field and the initial spin
wave contribute the intensity terms Iseed and Ispin-wave.
The light-atom correlation leads to an interference term
Ilight-atom, which is sensitive to the phase difference ∆φ ≡
φP − φS , experienced by the pump and the Stokes field
in CERS.
The CERS much depends on the initially-set condi-
tions. A different setting mechanism of initial condi-
tions results in different enhancement. For the case dis-
cussed here, this can be summarized as follows. When
only seeded light (spin wave) exists, the corresponding
enhancement Iseed (Ispin-wave) occurs. Then the output
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FIG. 4: (Color online) The intensity of Stokes field EˆS2 versus
the relative phase ∆φ. The other parameters are the same as
those of Fig. 3 except the dimensionless time at t˜′ = 2.
intensity is
Iout = Ispon + Iseed (spin-wave), (17)
The spin wave (atomic coherence) induced enhancement
mechanism was studied by both theory and experiment
[2, 9, 10, 14]. When the uncorrelated light field and the
spin wave are used as the initial input seeding, the en-
hancement is independently contributed by the light field
and the spin wave, respectively. As a result, the output
intensity of the Stokes field is a simple sum given as
Iout = Ispon + Iseed + Ispin-wave.
The light-atom correlation is a new mechanism which
leads to the phase-sensitive interference in the Raman
scattering. It is well-known that the constructive in-
terference can greatly enhance the light intensity. In
this sense, the CERS occurs optimally for an appropri-
ate phase difference determined by ∆φ +∆φoffset = 2npi
(n = 0, 1...), where ∆φoffset is an overall phase shift offset
by the seeded light, initial spin wave and the Raman scat-
tering process itself. In addition, we point out that the
light-atom correlation also leads to a maximally reduced
Raman scattering when the phase difference satisfies the
condition ∆φ+∆φoffset = (2n+ 1)pi (n = 0, 1...).
IV. NUMERICAL ANALYSIS
In this section, we numerically calculate the intensi-
ties for different mechanisms of enhancement. For conve-
nience, we define the dimensionless time t˜′ = t′χ21L/c =
t′χ22L/c. According to the different scattering mecha-
nisms, the Stokes intensities of different cases are plotted.
In Fig. 3 the intensity determined by the SRS mecha-
nism Ispon is plotted as the dotted line. The contributions
from the seeded light Iseed and the spin wave Ispin-wave
are shown in the dashed and the dotted-dashed lines,
respectively. The enhanced total intensity without the
5light-atom correlation Iout = Ispon + Iseed + Ispin-wave is
represented by the thin solid line. The optimal CERS
output intensity ICERSout is evidently increased due to the
correlation-induced interference for the special phase dif-
ference ∆φ + ∆φoffset = 0, chosen in the calculation,
where the result is displayed as a thick solid line.
Furthermore, we analyze the phase sensitivity of the
CERS. In Fig. 4, we plot the intensity ICERSout as a func-
tion of the phase difference ∆φ. This figure shows that
the intensity is modulated by the relative phase ∆φ. The
modulation is a reflection of the correlation-induced in-
terference. The visibility of the interference fringes is
given by V = [(ICERSout )max − (ICERSout )min]/[(ICERSout )max +
(ICERSout )min]. In the CERS, the high visibility can be
achieved by controlling the seeded light and initial spin
wave to realize the case Iseed = Ispin-wave. A direct appli-
cation of the phase-sensitive Raman scattering proposed
here is to realize a nonlinear interferometer [20, 21], which
can benefit the improvement of phase estimation for opti-
cal metrology, imaging, and information processing [22–
24].
V. CONCLUSION
In conclusion, we have theoretically studied the
correlation-induced phase-sensitive Raman scattering,
which is based on the light-atom correlation through the
coupling of the light field with the atomic spin excita-
tions in the Raman scattering. We analyze the phase
sensitivity of such a Raman scattering process. An op-
timally enhanced Raman scattering occurs when the ac-
cumulated phase difference determined by the pump, the
seeded light, and the Raman process is appropriate. Sim-
ilarly, one can also have a reduced Raman scattering by
tuning the phase difference. Such a correlation-induced
phase-sensitive Raman scattering process may find appli-
cations in a diversity of technological areas such as opti-
cal detection, metrology, imaging, precision spectroscopy,
and so on.
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